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Abstract
Proton exchange membrane fuel cells are a promising and mature technology for combined heat and power plants. High effi-
ciency (in particular for small size devices), practically zero pollutant emissions, noiseless operation and fast response to transient
demand make these energy systems excellent prime movers for residential and commercial application. Nevertheless, due to large
capital costs, their utilization and commercialization are still limited to demonstrative projects. In this scenario we are working
on a research project, called AutoRe, which utilizes an automotive derivative fuel cell for a cogeneration plant to create a synergy
between two non competitive industries (automotive and stationary plants) and to realize a significant economy of scale that will
drastically cut the costs of fuel cell based cogenerative plants. In this paper we perform a thorough techno-economic analysis of the
AutoRe (AUTomotive deRivative Energy system) power plant. A number of realistic energy management scenarios are constructed
by varying the energy demand, the climatic condition, the energy cost, and the efficiency of the surrounding energy system. The
control strategy is determined on an hourly basis, by minimizing the cost or the primary energy consumption through a graph
based methodology. The resulting global parameters are compared to a reference scenario where electricity is acquired from the
grid and heat is locally produced through a natural gas boiler. We consider 5 different building types (Office, Apartment district,
Clinic, Hotel, Supermarket), 5 different climatic conditions (Hot, Cooling Based, Moderate, Heating based, Cold), and 2 differ-
ent surrounding energy systems (USA and Europe). The results show that overall the proposed plant is economically sustainable
and effective in reducing the energy costs and the primary energy consumption. Nevertheless, the building type and the energy
prices impact on the return on investment, while the climatic condition affects the relative cost and energy variations. In the US
scenario the management based on cost and primary energy minimization exhibits similar patterns. On the contrary, in Europe cost
minimization might increase the primary energy consumption with respect to the reference scenario.
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1. Introduction
Fuel cells (FCs) are a promising technology for satisfying
the energy demand for stationary applications, in particular in
the residential and commercial sectors [1–5], being particularly
suited as prime movers for small cogeneration (CHP) plants
[5, 6]. In fact, 64% of the micro-cogeneration systems sold
in 2012 are based on FCs [3, 7, 8]. Several features of the FCs,
such as high efficiency [9], very low pollutant (NOx, SOx, and
particulate matter) emissions [10], vibration and noise-free op-
eration [11] determine such a success. Moreover the efficiency
of a FC is only marginally influenced by its size and is gen-
erally increased at part load [12], differently from traditional
power generation technologies [12]. Depending on the FC tech-
nology, different fuels can be used for FCs including hydrogen
[13], natural gas (NG) [14], methanol [14], and bio-fuels [15–
17]. Hydrogen fueled FCs are also envisaged to promote renew-
able sources penetration allowing long term electrical energy
storage[18, 19]. All these positive aspects boost the advantages
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of combined heat and power that are already widely acknowl-
edged and include: (i) increased overall efficiency compared
to separate production [12, 20]; (ii) reduction of pollutant and
green house gases emissions [20, 21]; (iii) deferring expensive
investments on large size plants, and on transmission and distri-
bution system [20, 21]; (iv) reducing losses in the distribution
system [21]; (v) providing network support or ancillary services
[21]; (vi) promoting the use of alternative technologies and re-
newable sources especially in smart grids [18, 20, 22–24].
Similarly, FCs can have a large potential in the automotive
industry [25–28] allowing to cut down the environmental im-
pact of the mobility sector [25] and to overcome few of the
major issues related to electric vehicles [28].
In the European Union (EU), residential and commercial
buildings are responsible for 40% of the energy demand and for
36% of the carbon dioxide emissions [29]. In the United States
(US) buildings utilized 41% of the primary energy consumed
in 2010 [30, 31], 54% of which only for the residential sector
[31]. The International Energy Agency (IEA) estimates that
CHP systems together with district heating and cooling could
save 950 Mton/year of carbon dioxide emissions by 2030 [32].
Thereafter, FC based CHP plants could significantly contribute
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to reduce the depletion of fossil energy sources and the global
environmental footprint.
Model CHP Cost[ke]
Power
[kW]
Electrical
Efficiency
Ballard ClearGEN [33] Yes NA 500 40%
Ballard ElectraGen [34] No 17−50 1.7−5 40%
Baxi Gamma Premio [35] Yes NA 1 34%
Doosan FC Purocell 5
[36]
Yes NA 440 43%
Elcore 2400 [35, 37] Yes 9 0.3 33%
Panasonic [35, 38] Yes 20−30 0.75 37%−40%
Inhouse 5000+ [39] Yes NA 1.5−5 34%
Toshiba [35] Yes 20−30 0.7 35%
Tropical NG-5 [40] NO NA 5 NA
Viessmann [35, 41] Yes 36 0.75 39%
Eneos [38] Yes 24.5 −
28.5
0.7 NA
Table 1: Examples of PEM Fuel cell energy systems available in the market or
in a pre-commercial stage in the power range 0-500 kW.
In the last two decades, different fuel cell technologies have
been developed and entered the market of distributed CHP sys-
tems. Polymer electrolyte membrane (PEM) fuel cells are the
most mature FC technology. At the end of 2012, PEM fuel
cells, represented almost the 88% of the total fuel cell mar-
ket [8]. Table 1 surveys the PEM based energy systems avail-
able on the market or in a pre-commercial stage with a nominal
power below 500 kW [33–41]. Apparently, no commercial sys-
tems are available in the power range [50 kW, 100 kW]. The
large investment cost is the main obstacle that hinders the mar-
ket spreading of such a technology. In fact, actual costs re-
ported in Table 1 are much larger compared to the targets set
by the Fuel Cells and Hydrogen Joint Undertaking (FCH-JU)
that are between 3500e/kW and 6500e/kW] for energy sys-
tems in a power range between 5 kW and 400 kW [42]. Sim-
ilarly, in [2] it is evidenced that PEM fuel cells are compet-
itive with internal combustion engines as CHP prime movers
for residential applications if the investment cost is below 3000
e/kW. Few relatively large demonstrative projects have been
implemented leveraging on public financial support, such as
the ENE-FARM project in Japan [43], the residential fuel cell
demonstration programme in South Korea [44], the Callux resi-
dential project Germany [45], the FC-District Project operating
in Spain, Greece and Poland [46], and the ene.Field project un-
der the H2020 European programme [47].
The capital investment required for a PEM based CHP sys-
tem is largely determined by the FC production volumes [38,
48–50]. In this scenario, the AutoRe project [51, 52] envisages
the possibility of realizing a significant economy of scale by
utilizing an automotive derivative PEM-FC as a prime mover
for a micro-CHP system with a power of about 100 kW. In fact,
even a small series for an automotive industry could already
represent a large market for power generation. For example,
the sole Toyota plans to produce 40000 fuel cell commercial
vehicles by 2020 and 400000 vehicles by 2030 [26, 27] over-
selling the ENE-FARM project by an order of magnitude. The
AutoRe plant is designed to be connected to the natural gas in-
frastructure and to produce electricity and heat for residential
and commercial demands. The expected investment cost for
mass production of such a plant is 2000 e/kW.
In this paper we perform a thorough techno-economic anal-
ysis of the 100 kW CHP plant that is being developed within the
AutoRe project [52] under different energy management sce-
nario. In particular we vary the energy demand by combining
5 different building typologies (an office building, an hotel, a
clinic, an apartment district, and a supermarket) and 5 climatic
conditions. Moreover, we dissect the impact of the surrounding
energy system by considering the different electricity and nat-
ural gas costs and primary energy factors (PEF) relative to the
American and European energy markets. For each scenario the
plant control strategy is determined utilizing an optimization
methodology developed by the authors [53–55]. We consider
two different management policies: cost minimization and pri-
mary energy consumption minimization. The pay back period
(PBP) is taken as an indicator of the economic feasibility of the
plant. Its impact on the surrounding energy system is evaluated
through the relative cost saving and the relative reduction of the
primary energy consumption (PEC).
Such an analysis is performed with the twofold objective of
assessing the effective performance of PEM based CHP plants
under realistic scenarios and of disseminating the applicabil-
ity of control strategy optimization optimization for different
actors of the energy sector. First, the results will identify the
technical (i.e. building type), environmental (i.e. climate), and
economical (i.e. energy tariffs) conditions that promote the uti-
lization of the proposed technology. The investment analysis,
performed utilizing realistic input data and for a variety of dif-
ferent scenarios gives relevant information to the technology
developers to determine the potential markets for PEM based
CHP plants, thus assessing the effectiveness of the investments
in such a technology. The comparison between the different op-
timization criteria could also help policy makers to identify the
energy tariffs, supporting mechanisms, and policies that pro-
mote the efficient exploitation of advanced systems. Finally,
results will demonstrate that design performance are not suffi-
cient to evaluate an energy conversion technology. At the same
time we propose an evaluation methodology based on the con-
trol strategy optimization that allow dissecting the behavior of
complex power plant and facilitates the evaluation of the per-
formance. The profitability of the plant or its energy and en-
vironmental advantages ere directly estimated as results of the
optimization methodology, rather than relying on concepts such
as the levelized cost of electricity or the CAPEX and OPEX.
The paper is organized as follows. The CHP system is
briefly described in section 2. In section 3 we define the method-
ology utilized to determine the optimal operating strategy and
to perform the techno-economic analysis. The results are pre-
sented and discussed in section 5. Finally, conclusions are drawn
in section 6.
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2. The automotive derivative PEM based CHP plant
The prime mover of the CHP plant in study is a 100 kW
PEM fuel cell whose schematic representation is given in Fig-
ure 1. The electricity is generated within the FC by the catalytic
oxidation of pure hydrogen. The FC operates at a tempera-
ture of 80◦C and low grade thermal energy can be generated
from the waste heat. Specifically, thermal energy is recovered
both form the FC flue gases through a water cooled heat ex-
changer and from its cooling circuits (see Figure 1). The high
temperature circuit removes heat from the bipolar plates and
the low temperature one refrigerates the electronic components
and other auxiliary systems. Despite the relatively low temper-
ature (65◦C for the low temperature circuit and 80◦C for the
high temperature one), such thermal energy can be profitably
utilized in civil and commercial applications for space heating
and domestic hot water production. In fact, these applications
require hot water at a temperature comprised between 45◦C and
75◦C.
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Figure 1: Schematic of the cogenerative PEM fuel cell.
The proposed energy system can be connected directly to
the Natural Gas (NG) infrastructure thus requireing a dedicated
fuel processor [56]. NG is converted into high purity hydro-
gen though the fuel processor represented in Figure 2. About
5% of the total amount of NG, together with tail gases from the
Pressure Swing Adsorption (PSA) and oxidizing air, is directed
to the catalytic burner, which provides the energy necessary for
the endothermic steam reforming (SR). The catalytic burner is
operated at ambient pressure and 790◦C. The air is pre-heated
exchanging energy with the combustion flue gas, through the
heat exchanger HE-2. Most of the NG is compressed to 12 bar
and mixed with superheated steam at a temperature of 220◦C.
Before entering the Steam Reformer (SR), the temperature of
the NG-steam mixture is increased in the heat exchanger HE-3
absorbing the heat from the syngas exiting the SR. Then, a syn-
gas primarily composed of CO and H2 is generated in the SR.
The SR and the burner are integrated within the same compo-
nent, following the concept of the Heat Integrated Wall Reactor
(HIWAR) [57, 58]. In such a reactor, the catalytic burned and
the SR are separated by a conductive wall and thermal energy
is transferred thanks to convection and conduction through the
wall. HE-3 cools the syngas to 410◦C. Its temperature is fur-
ther reduced to 320◦C in the HE-4 which is an air cooled heat
exchanger utilized to facilitate the control of the fuel processor
parameters. Finally, the CO concentration is reduced in a water
gas shift reactor (WGSR). The thermal energy of the syngas at
the WGSR outlet is transferred to the water necessary for the
SR in the heat exchanger HE-5. The syngas temperature at the
HE-5 outlet is 118◦C, and is further reduced to 5◦C through
the heat exchangers HE-6 and HE-7. Syngas is finally purified
through a PSA. Impurities are adsorbed at high pressure and
then are rejected reducing the system pressure (pressure swing).
Most of the H2 contained in the syngas (75% to 80%) is sep-
arated and sent to the FC. The remaining part of the hydrogen
together with CO, CO2, water and other impurities is redirected
to the catalytic burner. Liquid water is compressed to 12 bar
through a dedicated pump, pre-heated and partially vaporized
in HE-5. Vaporization and superheating are completed in HE-
1, where the steam is heated by the hot burner exhaust gas. The
ratio between the water and NG mass flow rates is fixed to 3.73.
Under design conditions the reformer delivers pure hydrogen at
a pressure of 11 bar and at a temperature of about 5◦C.
SR
Mixer
Fuel Cell Stack
PSA
Mixer
Catalytic burner
Water pump
HE-4
WGSRHE-3
HE-5
HE-6 HE-7
HE-2
HE-1
Air
Air
compressor
NG com-
pressor gas
liquid
vapor-liquid
heat/work
air/mixtures
syngas
natural gas
water
HIWAR
Figure 2: Schematic of the prime mover including the fuel processor and the
FC. Note that the the catalytic burner and the SR are integrated in the same
component named HIWAR.
The performance of this energy system has been estimated
in [59] through a dedicated thermochemical model developed
utilizing the AspenPlus R© [60] modeling environment. In par-
ticular, the electrical efficiency is defined as
ηel =
Pel −Waux
m˙NGLHVNG
, (1)
where Pel is the gross electrical power produced by the FC,
m˙NG is the NG mass flow and LHVNG is its lower heating
value. Moreover, Waux is the electrical consumption of the
auxiliaries including the natural gas and the air compressors,
the water pumps, all the control systems. Similarly, the thermal
efficiency is estimated as
ηth =
Q
m˙NGLHVNG
, (2)
3
being Q the thermal power output. Figure 3 reports the effi-
ciency of the relevant subsystems of the plant as functions of
their set-point, which is defined as:
S = Poutput
max(Poutput)
, (3)
where, Poutput is the effective power output of the considered
energy converter.
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Figure 3: Efficiencies of the relevant components of the CHP plant as functions
of set-point of each component: (a) Fuel cell; (b) Boiler; (c) Mechanical chiller.
Specifically, the electrical and thermal efficiency of the co-
generative FC are reported in Figure 3(a) as functions of the
FC set point. The minimum FC load is 50% that corresponds
to m˙NG = 6.2 kg/h, below which the fuel processor cannot be
operated. The thermal energy removed from the bipolar plates
of the FC sharply increases for FC load higher than 75% pre-
sumably due to the increased impact of Ohmic losses at higher
current density.
A natural gas burner and a mechanical chiller are also in-
cluded in the energy system, as evidenced in Figure 4. Their
efficiencies are retrieved from literature [61] and reported in
Figure 3(b) and in Figure 3(c) as functions of the set-point. The
size of the boiler and of the chiller in each case study are de-
fined to satisfy the peak energy demand. Considering that such
a peak demand is of the same order of magnitude, we assumed
the same efficiencies of the boiler and of the chiller for all the
considered cases.
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Figure 4: Schematic of the CHP plant in study including all the relevant com-
ponents and connections.
Finally, a thermal storage is included in the CHP plant to
increase its flexibility, releasing the plant from strictly follow-
ing the heat demand. Following the results in [55], the capacity
of the thermal storage is determined to satisfy the peak demand
for three hours. For the thermal storage, a 90% round trip ef-
ficiency, defined as the ratio between the energy obtained from
the storage discharge and the one spent to charge it, is assumed
[55, 62].
3. Methodology
3.1. Determination of the control strategy
The operating efficiency of any power plant is largely de-
termined by its control strategy, as highlighted, for instance,
in [12, 53, 54, 61, 63–67]. Thereafter, we compare the per-
formances of the different configurations assuming two possi-
ble smart management policies: cost and Primary Energy Con-
sumption (PEC) minimization. Both control strategies are de-
termined through the optimization methodology introduced in
[53], and further developed in [55] and [54]. Such a methodol-
ogy minimizes a prescribed objective function on a daily basis
accounting for: (i) the design performances of all the subsys-
tems; (ii) the derating of the performances at part load; (iii) the
effects of environmental conditions; (iv) energy demand and
costs as functions of time; (v) maintenance, and cold start costs;
(vi) constraints related to the dynamic behavior of the equip-
ment, such as the minimum time interval between two consecu-
tive starts or shutdowns. All the energy converters are modeled
as black-boxes, through their efficiency curves as functions of
the set-point and the environmental conditions.
The prescribed objective function for cost minimization is:
GCost =
24∑
h=1
Cf (h, s(h)) + Cm(h, s(h))+
+Cs(h, s(h))−R(h, s(h)) ,
(4)
being h the time interval, Cf the cost of fuel, Cm the mainte-
nance cost, Cs the cold-start cost, andR the revenue/cost yield-
ing from the electricity exchanged with the grid. Costs are func-
tions of the time interval and the plant state (i.e. the set-point of
the subsystems) s(h).
PEC minimization is obtained through the following objec-
tive function
GPEC =
24∑
h=1
Ef (h, s(h))PEFf + EgridPEFgrid , (5)
whereEf is the energy content of the fuel, PEFf is the primary
energy factor of the fuel [68], Egrid is the electricity exchanged
with the grid, and PEFgrid is the primary energy factor of elec-
tricity [68].
Equations, (4) and (5) are discretized with respect to the
plant state and in time, and the problem is represented as a
weighted and oriented graph. The optimal control strategy is
determined by seeking for the shortest path across the graph
through dynamic programming [53–55, 69–71].
3.2. Techno-Economic analysis
To perform the techno-economic analysis of the CHP plant
we first determine the optimal control strategy for a limited
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number of energy demand and climatic conditions (N) across
the year. Each load condition can be considered representative
of a number (Ni) of days. Thereafter, the generic yearly quan-
tity Ψ (e.g the cost, the PEC, or the utilization factor) can be
calculated as
Ψ =
N∑
i=1
(Niψi) , (6)
being ψi the relevant daily quantity.
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Figure 5: Schematic of the reference plant.
The yearly results of the CHP plant in study are compared
to the reference scenario, represented in Figure 5, where the
energy demand is satisfied through a conventional plant that ac-
quires electricity from the grid, produces thermal energy through
a NG boiler, and cooling energy through a mechanical chiller.
To estimate the economical feasibility of the plant we use the
Pay Back Period (PBP) calculated through the following rela-
tionship:
PBP =
I
Cref − C . (7)
In eq. (7) I is the investment cost, Cref is the yearly energy cost
of the reference scenario, and C is the energy cost obtained
utilizing the CHP plant. According to the estimation of the
Department of Energy (DOE) of the United States of America
[48], and to the objective of the AutoRe project, we assumed
that I = 2000 e/kW. Such a cost includes the cogenerative FC
and the fuel processor. The boiler and the chiller do not con-
tribute to I because they are already present in the reference
plant. Therefore I stands for the differential investment cost
between the CHP plant and the reference plant.
4. Case studies
4.1. Buildings selection
The hourly electricity, heat, and cooling energy demands
are available in the “commercial reference buildings” database
[73] of the US Department of Energy (DOE) for 16 commer-
cial reference buildings and for more than 1000 locations (i.e.
different climatic conditions) within the US.
According to the International Energy Agency (IEA) 6 dif-
ferent climatic zones based on heating and cooling requirements
can be considered representative of the whole world [72].
HDD ◦C CDD◦C Europe USA
Cold ≥ 2000 ≤ 500 Warsaw Helena
Heating
Based ≥ 2000 [500, 1000] Milan Baltimore
Moderate ≤ 2000 ≤ 1000 Malga San Fran-cisco
Cooling
Based [1000, 2000] ≥ 1000 Athens Las Vegas
Hot ≤ 1000 ≥ 1000 Larnaca Phoenix
Table 2: Heating and cooling degrees days and representative cities for each
IEA climatic zone [72].
1. Cold climate: winter is cold and summer temperatures
never or only rarely reach a level above comfort level
(22◦C - 25◦C). This is the case for large parts of Russia,
Scandinavia and Canada.
2. Heating based climate: the need for heating in winter is
large, but summer temperatures can reach a level where
cooling becomes an option at least for comfort. This is
the case for Central and North of Europe, most of Canada
and central US.
3. Combined climate: heating is necessary in winter as well
as cooling in summer. This applies to Moscow and cen-
tral parts of Russia, Shanghai region and other parts of in
China.
4. Moderate climate: both summer and winter are mild and
the need for heating and cooling is quite limited. Such a
climate condition applies to Portugal and central parts of
California, as examples.
5. Cooling based climate: summer is hot with a need for
cooling in the summer and a limited need for heating
in the winter. Greece, part of Italy, southern California,
Australia are examples of such a climate condition.
6. Hot climate: summer is hot and winter is warm with win-
ter temperatures never below the comfort level (16◦C -
18◦C). Such a climate is present in Florida, northern Aus-
tralia, and Central Africa.
Each climatic zone is characterized by the heating degrees days
(HDD) and cooling degrees days (CDD) per year, as reported in
Table 2. The reference temperature is 18◦C for both CDD and
HDD. We comment that we discarded the combined climate,
because it is not representative of Europe nor of Unites States.
Five buildings among the 16 available in [73] have an av-
erage electrical demand in the range [60 − 200] kW and are
selected to evaluate the performances of the CHP plant under
investigation. Specifically, we considered a medium office, an
apartment district, a clinic, a small hotel, and a supermarket, as
feasible applications of the proposed power plant. For the res-
idential case, considering the low attitude to capital intensive
investments of the families, we considered a cluster of 4 build-
ings. The resulting peak electrical demand is about 180 kW
that correspond to the power needed by about 40− 60 families
(10−15 apartments per building) sharing the 200 ke initial in-
vestment. The peak power demand for these buildings is in the
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range [120−320] kW. Peak and average electrical, thermal, and
cooling energy demands are represented in Figures 6, 7, and 8,
respectively, for all the combinations of building and climatic
zone. We note that the electricity load is only marginally influ-
enced by the location of the plant. On the contrary, the climatic
zone significantly impacts the heat and cooling demand.
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Figure 6: Average and peak electricity demand for all the combinations of
climatic condition and building energy demands.
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Figure 7: Average and peak heat demand for all the combinations of climatic
condition and building energy demands.
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Figure 8: Average and peak cooling demand for all the combinations of cli-
matic condition and building energy demands.
To further analyze the energy demands we calculate, through
eq. (8), the number of equivalent working hours of the FC nec-
essary to satisfy the total demand of electricity for one year .
τ =
Eel + Ech/COP
Pel
. (8)
The total electrical demand is calculated summing the pure elec-
tricity demand, Eel, to the electricity required by the chillers,
which is given by Ech/COP, being Ech the cooling energy de-
mand, and COP the average COP of the chillers. According to
the data reported in Figure 3(c) we assume that COP = 3.
The ratio between the required thermal and electrical en-
ergy (HoP) helps studying the impact of the CHP system on the
different scenarios. In fact, the HoP is an indicator of the ca-
pability of the energy user to effectively utilize both the power
and the heat produced by the energy system. Such a parameter
is calculated as
HoP =
Eth
Eel + Ech/COP
. (9)
where Eth is the heat required by the building in one year.
0 0.5 0.876 1 1.5 2
0
0.5
1
1.5
τ × 10−4 [h]
H
oP
Cold Heating based Moderate Chilling based Hot
Office Apartment Clinic Hotel Supermarket
Figure 9: Heat to power ratio and fuel cell equivalent working hours neces-
sary to satisfy yearly energy demand for all the combinations of building and
climate. The shaded area is the heat to power ratio of the FC.
Figure 9 classifies the considered energy demands accord-
ing to τ and HoP. The shaded region represents the heat to
power ratio of the FC. Such a ratio varies as a function of the
FC set-point, considering that both its electrical and thermal ef-
ficiencies depend on it. From Figure 9 note that the HoP is be-
low the shaded region for the majority of the considered cases,
meaning that the electrical tracking policy for the CHP would
yield a thermal energy overproduction. On the contrary, thermal
tracking would require to import a part of the electricity from
the grid. The apartment district and the office building in cold
climate are exceptions, being characterized by a larger HoP. As
expected, the HoP is strongly influenced by the climate that
largely determines the thermal demand, while having a minor
impact on electrical demand. Thereafter, the buildings approx-
imately cluster along vertical lines with the abscissa varying as
a function of the climatic condition. The impact of the climate
on the HoP is lower for the clinic mainly because of a signifi-
cant utilization of heat for usages other than space heating. In
fact, for the clinic, HoP > 0.5 also for moderate to hot cli-
mates, differently from the other buildings. The office building
and the hotel are characterized by τ ' 5000 h, being the FC
capable of producing more electricity than the required yearly
quantity. On the contrary, some electricity must be acquired
from the grid for the supermarket and the clinic that are charac-
terized by τ > 8760 h. Finally, τ ' 8760 h for the apartment
district where the FC is designed to fulfill approximately the
average electrical demand.
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4.2. Hourly energy demand of the sample days
The optimization methodology that has been utilized to study
the behavior of the AutoRe power plant in a real energy man-
agement scenario requires the hourly energy demand to deter-
mine the optimal control strategy [53]. Utilizing the hourly en-
ergy demand for the whole year (8760 hours) provided in [73]
would require an impractical computational effort. Thereafter
9 average working and 9 average non-working days are con-
structed for each combination of building and climatic zone
based on heat and cooling demand levels and are considered
representative of the whole year.
Specifically, we calculate the following coefficients,
KQ = int
[
1
2
max(Qday)
Qyear
]
, (10a)
KC = int
[
1
2
max(Cday)
Cyear
]
, (10b)
where, Qday and Cday are the daily averages of heat and cool-
ing demand, and Qyear and Cyear represent their yearly aver-
ages. Then, each day of the year is categorized by comparing
the ratios reported in eq. 11 to the reference values reported in
Table 3.
αi =
1
KQ
Qday
Qw/h
, (11a)
βi =
1
KC
Cday
Cw/h
, (11b)
being Qw/h and Cw/h the yearly averages calculated consider-
ing either only working days (if αi refers to a working day) or
only holidays (if αi refers to a non working day). Finally, the
load profiles of all the 18 sample days are calculated as the en-
semble average of the energy demands of the days pertaining to
each category.
In the following, the working days are indicated with the
abbreviation wi and the non-working days (Sundays and Satur-
days) are be abbreviated with hi, with i = 1...9.
Figures 10 and 11 report an example of the obtained load
profile. Specifically, the case of the apartment district in the
heating based climate is depicted. The standard deviation is
also represented for each demand time series, evidencing the
fidelity of the procedure described in this paragraph and of the
values of αi and βi. In particular, the standard deviation for the
electrical demand is very limited, being the power demand only
marginally influenced by climatic conditions. On the contrary,
external temperatures and light hours have a significant impact
on the thermal and cooling energy demand that exhibit a slight
larger standard deviation.
4.3. Energy prices and primary energy factors
The optimization procedure requires the prices of all the
energy vectors in input to and output from the power plant.
Electricity is the only energy output of the energy system since
heat and cooling energy can only be utilize within the plant.
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Figure 10: Hourly energy demand for the 9 sample working days for the Apart-
ment case and cooling based climate.
(e) Day h5
(b) Day h2
0
100
200
300
400
Po
w
er
[k
W
]
(a) Day h1
0
100
200
300
400
Po
w
er
[k
W
]
(d) Day h4
1 6 12 18 24
t [h]
(h) Day h8
1 6 12 18 24
t [h]
(i) Day h9
1 6 12 18 24
0
100
200
300
400
t [h]
Po
w
er
[k
W
]
(g) Day h7
(f) Day h6
(c) Day h3
Electricity Heat Chilling
Figure 11: Hourly energy demand for the 9 sample non-working days for the
Apartment case and cooling based climate.
Although the CHP system is connected to the electrical grid
to increase the flexibility, any overproduction may be entered
into the grid without remuneration. Such an assumption facil-
itates the generalization of the methodology and of the results
to different countries. In fact, the remuneration of electricity
produced by DG plants is subject to stringent national rules.
Moreover, prices are strongly influenced by complex subsidiz-
ing mechanisms that vary on a national basis. Finally, we note
that such an assumption is expected to underestimate the prof-
itability of PEM based plants and is therefore cautionary with
respect to the conclusions of the research..
The possible input energy sources are natural gas and elec-
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i = 1 i = 2 i = 3 i = 4 i = 5 i = 6 i = 7 i = 8 i = 9
αi ≤ 0.125 ≤ 0.125 ≤ 0.125 ≤ 0.125 ≤ 0.125 [0.125, 0.25) [0.25, 0.5) [0.5, 1) ≥ 1
βi ≥ 1 [0.5, 1) [0.25, 0.5) [0.125, 0.25) ≤ 0.125 ≤ 0.125 ≤ 0.125 ≤ 0.125 ≤ 0.125
Table 3: Reference values for the coefficients α and β utilized to categorize each day of the year. Note that “[” denotes that the extreme value is included and “)”
that it is excluded.
Electricity [ce/kWh] Natural gas [e/GJ]
Residential Commercial Residential Commercial
USA 12.99 11.02 8.58 6.54
EU 22.09 15.41 15.13 11.43
Table 4: Energy prices utilized for the different scenarios. Data from [74–76]
tricity. For completeness we considered two different energy
markets: Europe and United States, whose prices are reported
in Table 4. In both cases we assume that the natural gas and
electricity unit cost are constant throughout the day and the
year. All prices are inclusive of all taxes and levies. For Eu-
rope, electricity and natural gas prices are retrieved from the
Eurostat database [74]. For United States, the electricity cost
is obtained from [75], and the natural gas cost is retrieved from
[76]. The residential prices are utilized only for the residential
district cases, while the commercial prices apply to all the other
buildings.
PEC minimization requires the primary energy factors of all
the energy vectors entering the plant. The PEF of NG is 1.1 [68]
for both th EU and US. In US, the PEF of electricity is 2.174
[77] while in US it is 3.140 [78, 79].
5. Results and discussion
The method described in section 3.1, determines the opti-
mal set-point for each system component on a hourly basis (see
e.g. [53–55, 80]). A number of instantaneous and mean param-
eters, such as fuel and maintenance costs, efficiencies, fuel or
primary energy consumption, utilization factors and many oth-
ers can be retrieved as functions of the set-point [53–55, 80].
Here, we concentrate on the most relevant global parameters to
analyze the effectiveness of the CHP plant in study for different
scenarios. Figures 12 to 15 report the yearly total cost, PEC,
and FC and boiler utilization factors, for all the combinations
of building scenario, climatic condition, energy cost, and man-
agement policy (i.e. cost or PEC minimization). Therein, CHP
production is also compared to the reference scenario, where
electricity is acquired from the grid, heat is locally produced
through a NG boiler, and cooling energy comes from a me-
chanical chiller.
In this analysis, by comparing cost and PEC minimization,
we seek for the conditions that foster the coherence between
economic savings and PEC reduction conditions, in terms of
energy demand and unit energy costs. Such conditions might
be considered the most positive for PEM based CHP plants.
In fact, while the primary rationale for utilizing a cogeneration
plant is economic [32, 81], primary energy saving and environ-
mental protection are usually the drivers for choosing the FC
technology [12, 82, 83].
Cogeneration consistently reduces the energy cost for all the
considered cases irrespective to the hypothesized control strat-
egy. Utilizing the economic optimization such a cost reduction
is comprised between about 100 ke/year (apartment in cold cli-
mate with European energy prices) and about 30 ke/year (hotel
in moderate climate with US energy prices). Similarly, PEC
minimization yields an economic saving between 92 ke/year
(clinic in cold climate with European energy prices) and about
17 ke/year (hotel in hot climate with EU energy prices). Note
that such economic savings generally compare with the initial
investment for the CHP system which is about 200 ke having
assumed a unit cost of 2 ke/kW (see section 2).
Another feature, common to all the scenarios, is that the
CHP dramatically reduces the boiler utilization with respect to
the reference case. Thereafter, the heat demand is effectively
satisfied through cogeneration.
The utilization factor of the FC is generally larger than 50%,
thus evidencing that the prime mover is never underutilized, or,
equivalently, that the FC size is correctly defined with respect
to the energy demand. As partial exceptions, we observe that in
the European scenario the PEC minimization yields utilizations
lower than 50% for the office, the clinic, and the hotel in warm
climates. For such cases the impact of the FC on the energy
demand satisfaction is questionable and a smaller CHP plant
could be considered a more viable solution.
5.1. Effects of the energy demand: building and climate
The building type and the climate determine the energy de-
mand that, in turn, influences the total cost and the PEC for
both the reference and the CHP plant. In this section we assess
the effect of the energy demand on both the techno-economic
feasibility of the PEM and on its impact on the energy system.
The PBP is taken as an indicator of the techno-economic fea-
sibility and the impact of the power plant on the building is
determined by the relative cost and PEC reduction. All such
quantities are synthetically reported in Figure 16, for the US
scenario and economic optimization. We comment that we be-
gin this analysis assuming the US unit energy prices and PEFs
because the energy demand profiles were originally estimated
for the US territory [73].
PBP is below 10 years for all the considered cases, and is
between 4 and 5 years for all the building typologies, except
for the hotel and the office in moderate climate. Therefore the
investment is feasible in general, but the hotel should be con-
sidered a borderline case with a PBP comprised between 6 and
7 years. The PBP is only marginally influenced by the climatic
condition, or equivalently by the HoP, despite colder climates
are generally characterized by a lower PBP. If we compare the
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Figure 12: Global performances of the CHP power plant with the minimum cost strategy in the US scenario: (a) Total energy cost; (b) Primary energy consumption;
(c) Utilization factor of the fuel cell; (d) Utilization factor of the boiler.
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Figure 13: Global performances of the CHP power plant with the minimum PEC strategy in the US scenario: (a) Total energy cost; (b) Primary energy consumption;
(c) Utilization factor of the fuel cell; (d) Utilization factor of the boiler.
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Figure 14: Global performances of the CHP power plant with the minimum cost strategy in the EU scenario: (a) Total energy cost; (b) Primary energy consumption;
(c) Utilization factor of the fuel cell; (d) Utilization factor of the boiler.
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Figure 15: Global performances of the CHP power plant with the minimum PEC strategy in the EU scenario: (a) Total energy cost; (b) Primary energy consumption;
(c) Utilization factor of the fuel cell; (d) Utilization factor of the boiler.
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Figure 16: Comparison between the different scenarios for the minimum cost
strategy and the US energy market: the area of the circles is proportional to
the pay back period and the center of the circles defines relative cost and PEC
reduction.
results of Figure 9 to those reported in Figure 12 and Figure 16
we note that τ clearly affects the FC utilization factor, which,
in turn, determines the PBP. Specifically, the hotel has the low-
est utilization factor, slightly below the office, and τ is close to
5000 h for both building typologies. The lowest PBP attains to
the clinic (4 years and τ ' 10000 h) and to the supermarket
(4 to 5 years and τ ' 16000 h), but the clinic is more favor-
able, in particular for warm climates, despite the lower energy
demand. Note that τ is a property of the the energy demand,
and not of the power plant. Specifically, τ > 8760 entails that
the average electricity demand is higher than the power of the
FC, as evidenced in eq 8. Such a behavior can be explained by
considering that the clinic has a larger HoP (between 0.5 and 1)
compared to the supermarket (see Figure 9), that facilitates the
utilization of the cogenerated heat. Moreover, we observe that
increasing τ from 5000 h to 10000 h impacts the investment
feasibility, reducing the PBP by about 30%. However, a further
increment in τ does not generate any reduction of the pay back
time. In fact, Figure 12 evidences that the FC utilization already
saturated to a value close to 1 for the clinic energy demand and
cannot be further increased by increasing the energy demand.
This explains why the cost reduction is roughly the same for
the clinic and the supermarket, despite the the latter has a larger
energy cost (see Figure 12).
The impact of the CHP plant on the energy system is signif-
icant for all the considered cases. In fact, the PEC reduction is
in the range [8%, 33%] and the relative cost reduction is com-
prised between 22% and 47%. Notably, the PEC is reduced for
all the considered cases even though we utilize the economic
optimization to determine the CHP control strategy. The eco-
nomic objective function is not directly influenced by the PEC
(see eq. 4) and it was demonstrated in literature that maximizing
the economic profitability does not generally imply a reduction
of the PEC [54, 55]. The coherence between these two criteria
largely relies on the ratio between electricity unit cost and PEF.
Thereafter, the results reported in Figure 16 highlight that, in
the US scenario, the energy cost is coherent with the efficiency
of the national electricity production and distribution systems.
The primary energy factor of the electricity produced by the
FC, PEFFC = PEFNG/ηel, is comprised between 2.91, at low
load, and 3.35, at full load, (see Figure 3 for the values of ηel).
On the other hand, PEFgrid = 3.14 for the US national grid.
Therefore, in the US scenario, DG through the plant in study
is more efficient compared to central generation, even for the
sole electricity production (i.e. with no cogeneration) for FC
set points lower that 85%. For larger set points, the utilization
of a minor part of the FC waste heat (about 10%) is sufficient
to increase the system efficiency above the electricity grid one.
Both the building type and the climate have an important
impact on the cost and PEC relative variation. Varying the cli-
matic condition, the scenarios relative to each building cluster
along lines with a positive slope comprised between 55◦ and
70◦. In fact, moving from hot to colder climates generally im-
proves the relative reduction of both cost and PEC. The values
of the slope indicates that the climate conditions have a larger
effect on the PEC rather than on the cost. On the contrary, the
building type dominates the relative cost reduction, which is
generally reduced increasing the HoP.
Summarizing, the clinic, that is characterized by τ ' 10000
h and 0.53 < HoP < 0.84, can be considered the most fa-
vorable energy demand for all the climates. In fact, in this
case, the utilization of the proposed CHP plant significantly
reduces the PEC ([−17%, −23%]) and the total energy cost
([−32%, −38%]), and the PBP = 4 years.
5.2. Effects of the control strategy: cost and PEC minimization
Cost minimization does not imply that the energy consump-
tion is optimized, in particular for grid connected power plants
[54, 55, 80]. In fact, by comparing Figure 12(b) to Figure 13(b)
we note that operating the proposed plant through the minimum
PEC policy boosts its energy performance, for the US energy
prices and PEFs. Specifically, the PEC variation can be incre-
mented up to 70% with respect to the minimum cost control
strategy. The apartment district exhibits the most relevant ef-
ficiency improvement with a variation of the PEC reduction in
the range [14%, 70%] updating the control strategy. On the con-
trary, the office building is the least affected energy demand,
with a variation of the PEC reduction comprised between 3.5%
and 18%. The improvement of the energy efficiency is more
relevant in hot climates, where the low HoP (see Figure 9) hin-
ders the recovery of the the FC waste heat. If we compare the
results of Figure 12(c) to those reported in Figure 13(c), we
note that PEC minimization reduces the FC utilization factor
with respect to economic optimization. With cost minimization
the FC utilization is only marginally affected by the climate,
as evidenced in Figure 12(c). On the other hand, through the
minimum PEC policy, the climate moderately impacts the FC
utilization (see Figure 13(c)). In particular, the FC utilization
is larger for colder climates compared to the warmer ones. In
fact, PEC minimization reduces the FC set point to increase its
electrical efficiency, in particular when the HoP is low. In such
cases, operating the FC at a high load, with a reduced heat re-
covery, could reduce the system efficiency below the grid level.
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Figure 17: Comparison between the different scenarios for the minimum PEC
strategy and the US energy market: the area of the circles is proportional to
the pay back period and the center of the circles defines relative cost and PEC
reduction.
Figure 17 systematically represents the PEC and cost reduc-
tions and the PBP obtained through the minimum PEC control
strategy, evidencing that such a policy does not hamper the eco-
nomical feasibility and impact of the proposed CHP plant. The
PBP remains below 10 years for all the considered cases and is
incremented by 1 year with respect to cost minimization in the
worst cases. The effect of τ and HoP is fundamentally the same
compared to economic optimization, with colder climates being
favored both in terms of cost and PEC relative reduction and
with a larger economic impact for lower τ . Notably also PEC
minimization yields significant reductions of the energy cost, in
the range [18%, 40%]. However, the increased efficiency entails
a reduction of the cash flow with respect to the minimum cost
control strategy. Such a reduction is comprised between 2.5%
for the clinic and cold climate and 20% for the hotel and hot
climate. We also note that the economic penalty is more rele-
vant for hot climates, due to the low heat demand that reduces
the effectiveness of cogeneration.
Overall, the clinic still appears to be the most convenient
compromise, with an unvaried PBP of 4 years and a significant
relative PEC and cost reduction.
5.3. Effects of the surrounding energy system: prices and PEFs
The encompassing energy system contributes to the deter-
mination of the CHP plant optimal control strategy and to its
economic and energy outcomes through the unit energy prices
and electricity PEF. The impact of these factors is here evalu-
ated by assuming the same energy demand profiles studied in
the previous sections applied to users located in Europe. This
allows isolating the effects of the energy costs and of the grid
efficiency. This hypothesis underlies the assumption that Euro-
pean and American consumers have comparable behaviors, and
that buildings are technologically similar.
According to the data reported in Table 4, the energy prices
in Europe are significantly larger than in the US [74–76]. The
European NG is about 75% more expensive compared to the US
one, for both residential and commercial users. For electricity,
such a difference varies between 40%, for commercial users,
and 70%, for residential consumers. For the commercial energy
demand, the ratio between electricity and NG price in the EU is
about 20% lower than in the US. On the contrary, for residential
users, such a ratio is 12% larger in the EU compared to US,
despite the lower PEF of the electricity.
As a consequence, the total expenditure for the energy sup-
ply in the EU is larger than in the US with and without the
CHP plant, as evidenced by comparing the results shown in
Figure 12(a) to those reported in Figure 14(a). We also note
that the CHP plant is more sensitive to energy price variations
with respect to the reference scenario. In fact, if we refer to
the economic optimization, the total cost increases from about
45% to 50% for separate production assuming the EU prices,
while with the CHP plant, such an increment is between 50%
and 70%. Such a behavior is explained considering that that
NG cost variation is much larger compared to electricity one.
Thereafter, decentralized electricity production that relies on
NG as the primary energy source is disadvantaged. This also
determines a moderate reduction of the utilization of the FC
(compare Figure 12(c) to Figure 14(c)), whose set point is re-
duced to improve the efficiency (see Figure 3) and to reduce the
cost of locally produced electricity. Nevertheless, the EU sce-
narios have a larger cash flow compared to the US ones thus,
improving the investment feasibility.
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Figure 18: Comparison between the different scenarios for the minimum cost
strategy and the EU energy market: the area of the circles is proportional to
the pay back period and the center of the circles defines relative cost and PEC
reduction.
Figure 18 summarizes the energy and economic impact of
cogeneration obtained through economic optimization for all
the considered combinations of energy demand and climatic
condition. Differently for the US scenarios, in several EU sce-
narios, economic optimization yields an increment of the PEC
with respect to the reference scenario (see also Figure 14). Such
a behavior is explained by the fact that the PEF of the locally
produced electricity is always larger compared to PEFgrid. There-
after, heat recovery is necessary to guarantee the total efficiency
of the CHP plant. In fact, if the power plant control strategy
minimizes costs, CHP consistently increments the PEC in hot-
ter climates (i.e. lower HoP), due to the lack of heat recovery.
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If we compare the results reported in Figure 12 to those of Fig-
ure 14 we note that also in the EU the PEC variation is signif-
icantly lower compared to US also for the other cases. Such a
variation is comprised between 40% and 230%.
Due to the larger energy cost, the PBP in Europe is consis-
tently lower than in the US: in general, the initial investment
is payed back one year earlier, except for the hotel energy de-
mand profile, as clearly detectable by comparing Figure 16 to
Figure 18. Nevertheless, the economic impact of the CHP plant
is slightly lower in Europe, being the relative cost variation re-
duced of an amount comprised between 5% (apartment district)
and 30% (hotel building). The clinic building might still be
considered the most favorable test case for the proposed CHP
plant with a PEC reduction steadily around 15%, a cost reduc-
tion comprised between 25% and 35% and a PBP of about 3
years for all the climatic conditions. The least favorable build-
ing is the hotel, despite a positive cash flow between 30% and
37% of the energy cost in the reference scenario. In fact, with
the hotel energy demand profile we observe the largest PBP,
comprised between 6 and 7 years, and a negative PEC variation
for all the climates, except for the cold one.
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Figure 19: Comparison between the different scenarios for the minimum PEC
strategy and the UE energy market: the area of the circles is proportional to
the pay back period and the center of the circles defines relative cost and PEC
reduction.
Evaluating the effects of a more environmentally aware con-
trol strategy is particularly relevant in the EU scenario where
cogeneration, through the proposed plant, is not synonymous
of PEC reduction, as explained above. The results relative to
PEC minimization with the European energy prices and PEFs
are reported in Figure 15 and in Figure 19. Such a control strat-
egy guarantees a significant reduction of the PEC, comprised
between 7% and 30% with respect to the reference scenario.
This results into an improvement of the performance of the CHP
plant comprised between 10% for the clinic and 110% for the
supermarket. Notably, such a dramatic variation in the energy
performance of the power plant is obtained without any techno-
logical improvement of the plant nor any variation of its design
characteristics, but only through a different control strategy.
PEC minimization also guarantees a positive cash flow for
all the considered case. Nevertheless the relative cost variation
is reduced with respect to cost minimization. In particular the
cash flow reduction is comprised between 4% and 20%. The
PBP is significantly increased only for the hotel energy demand
profile, which, on the other hand, was the least favorable energy
demand.
5.4. Analysis of the potential markets for PEM based CHP
In this paper, besides analyzing the performance of a fuel
cell based CHP system, we highlight the effectiveness of utiliz-
ing the optimization methodology proposed in [53, 55] to real-
ize a strong, reliable, and complete business case. Cash flow,
energy consumption, pollutant emissions, and PBP are some of
the outputs of the proposed methodology that can be utilized
to evaluate the potential of the proposed technology in a real
energy management scenario.
In this respect, the results reported herein show that the
clinic is the most suited environment for the adoption of such
a PEM based CHP plant. Significant economies and energy
saving could be obtained also in the residential sector, which
certainly represents a wider market. In fact, more that 1 Mil-
lion new residential units are constructed every year in the sole
US [84]. Considering that the plant in study is able to satisfy
the energy demand of 40-60 families, the potential market size
may be estimated in 20000 units every year. For such a pro-
duction volume the DOE [49] estimates an installed cost well
below 1000 $/kW. Although this estimation may be considered
too optimistic [38], such a production volume will positively
impact the fuel cell production costs.
6. Conclusions
In this paper we assess the effective performance of a 100
kW CHP plant that utilizes a PEM fuel cell as the prime mover
in realistic energy management scenarios. The efficiency of
the energy system at different operating conditions is evalu-
ated though a numerical model validated with experimental data
[59]. The investment cost is assumed to be 2000 e/kW and the
energy system performance is calculated for different energy
demand scenarios. In particular, we assumed that the power
plant must satisfy the energy demand of five different build-
ings with an electricity demand between 60 kW and 200 kW: a
medium office, an apartment district, a clinic, a small hotel, and
a supermarket. Moreover, six different climatic zones based
on heating and cooling requirements are considered: cold cli-
mate, heating based climate, combined climate, moderate cli-
mate, cooling based climate, and hot climate. The analysis is
carried out in 9 average working and 9 average non-working
days, representative of the whole year. The energy demand
profiles are constructed for each combination of building and
climatic zone based on heat and cooling demand levels and
are considered. The energy system is always operated with
an optimal control strategy assuming two possible management
policies: cost minimization and primary Energy Consumption
(PEC) minimization. The technical and economical results are
compared to a reference scenario where electricity is acquired
from the grid and heat is locally produced through a natural gas
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boiler. To this aim, we consider two different electricity and
natural gas markets, Europe and United States.
The results show that the proposed CHP plant is economi-
cally sustainable for most of the considered scenarios and that it
is effective in reducing the energy costs and the PEC. The clinic
is the most suited environment for the adoption of such a PEM
based CHP plant, while the residential sector might represent
the wider market.
More in detail, the PBP is significantly affected by the unit
energy prices and by the building type. In particular, the PBP is
much lower in Europe (i.e. between 3 and 13 years), where the
energy prices are larger compared to US. Conversely, the cli-
mate largely determines the relative PEC and cost reduction. In
general cold climates yield larger positive cash flows (between
30 keand 100 ke) and larger PEC reductions (up to 40%), as
they facilitates the thermal recovery improving the effective-
ness of the CHP plant. Such a result highlights the opportunity
to study technical solutions to exploit the heat recovery also
during the hot seasons, for example through single effect ab-
sorption chillers. To this aim, heat recovery from the fuel pro-
cessor might be considered due to the relatively low operating
temperature of the FC. Such a plant configuration will be the
object of future research.
The choice of the management policy (i.e. economic or
PEC optimization) does not significantly impact the PBP. Nev-
ertheless it influences the energy consumption and the cash flow.
In fact, in the US scenario the economic minimization is rela-
tively coherent with the PEC minimization, while with the Eu-
ropean prices the PEC reduction with respect to the reference
scenario is not granted by the economically optimal control
strategy. Reducing the PEC with respect to the businesses as
usual is more difficult in the EU due to the lower primary energy
factor of the electrical grid. However, significant PEC reduc-
tions can be obtained also in the EU scenario (between 5% and
30%) by utilizing the minimum PEC management with a mod-
erate reduction of the economic benefit with respect to cost min-
imization. We note that PEC optimization always yields a pos-
itive cash flow. AS a result, switching the management policies
of the CHP plants towards PEC minimization rather than eco-
nomically optimal control strategies should be seriously con-
sidered an option to reduce the global energy consumption, in
particular for European like scenarios.
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